Pulmonary hypertension has been found to be reversible in certain patients with, cor pulmonale due to chronic bronchitis, bronchiolitis, and/or emphysema. In these individuals, as disturbances in gas exchange are corrected, pulmonary artery pressures fall (1) . The high degree of correlation between the level of pulmonary artery pressures and the degree of hypoxemia (2, 3) as well as the pressor response to acutely induced hypoxia (4, 5) has implicated a reduced oxygen tension within the lungs as a major factor in the appearance of pulmonary hypertension (6) . Since these patients almost invariably demonstrate hypercapnia, carbon dioxide tension has also been invoked as a cause of pulmonary hypertension (3) . Anatomic reduction of the pulmonary vascular bed cannot be assigned a dominant role in the genesis of this hypertension because of its reversibility. Nonetheless, we may assume that the effects of reactivity of the vascular compartment to various stimuli will be more readily discernible in the presence of a restricted bed.
Liljestrand has recently come to the conclusion that an increased hydrogen ion concentration in the blood is the chemical stimulus for pulmonary * Submitted for publication July 29, 1963 ; accepted February 6, 1964. Supported by research grants HE-02001-08 and HE-05741 from the National Heart Institute, U. S. Public Health Service, and by a U. S. Public Health Service research career program award (5-K6-HE-16,603-02) from the National Heart Institute. vasoconstriction (7) . He points out that hypoxia, by promoting release of lactic acid, and carbon dioxide retention will raise hydrogen ion concentration. He suggests that the blood hydrogen ion concentration which directly affects the pulmonary vasculature is dependent upon local hypoxia or hypercapnia; the reported variability in pressure response to acutely induced hypoxia or hypercapnia may therefore be due to local variations in ventilation and perfusion which these gases induce, as well as to their effect upon local hydrogen ion concentration.
In the light of Liljestrand's hypothesis the present study was undertaken to determine the effect of changing blood pH on the pulmonary artery pressures of patients with chronic pulmonary disease. Two groups of patients were studied: one received an infusion of sodium bicarbonate that caused a rise in blood pH and carbon dioxide tension but no change in arterial oxyhemoglobin saturation, and the other received an infusion of the organic buffer Tris, which resulted in an increase in blood pH and a fall in arterial oxyhemoglobin saturation.
As a consequence of the results obtained by raising blood pH, we have also made a statistical analysis of the relationships among pulmonary artery mean pressure, arterial oxyhemoglobin saturation, and hydrogen ion concentration in a larger series of patients with chronic pulmonary disease taken from several sources.
Methods
Sixteen patients with chronic pulmonary disease were selected for this study. Thirteen had chronic bronchitis and emphysema: of these, eight had cor pulmonale (Patients 1155, 1247, 1212, 1352, 1351, 1298, 1319, and 1322), although none was considered to be in right heart fail-1146 ure at the time of study. Two of the remaining patients had also recently recovered from right ventricular failure; in one (No. 1171) this resulted from multiple pulmonary thromboemboli and bronchiectasis with extensive fibrosis and in the other (No. 1184) from diffuse interstitial fibrosis secondary to tuberculosis. The remaining patient (No. 1232) had far-advanced pulmonary tuberculosis without cardiac involvement. There was no evidence of left ventricular enlargement or failure in any of the subjects. The details of their physical characteristics are given in Tables I and III. Each patient was studied in the nonsedated, postabsorptive, basal state and was made familiar with the respiratory equipment the day before the test. Those The pH of arterial and mixed venous bloods was determined with a Cambridge constant temperature pH meter in a few early studies and in the remainder with an Astrup radiometer. Respiratory gas samples were analyzed in a Scholander microanalyzer.
Two additional patients with chronic bronchitis and emphysema, having clinical and physiologic disturbances comparable to the other patients included in this paper, were studied to determine whether intrapulmonary arteriovenous shunts developed during Tris infusion. Intravenous injections of a mixed bolus of Evans blue and krypton'm were made during the control and infusion periods, and the appearance of shunt was assessed according to the technique of Fritts and associates (12) .
Sodium bicarbonate was administered as a 7.5% solution (0.9 M), whereas Tris 1 was given in 15% solution 1 Supplied through the courtesy of the Sigma Chemical Co., St 11.9% during the infusion (Table V) . The total blood volume itself did not change.
No intrapulmonary arteriovenous shunts were demonstrable during the control period in the two additional patients so studied (Table VI) . Further, none could be identified during the infusion of Tris despite changes in arterial pH and oxyhemoglobin saturation of comparable magnitude to those encountered in the other eight patients who received Tris.
Discussion
This study demonstrates that a fall in blood hydrogen ion concentration causes pulmonary vasodilatation. This conclusion is based on a fall or no change in pulmonary artery pressure, despite changes in blood flow and blood gases usually productive of a rise in lesser circuit pressures in subjects with chronic obstructive disease of the lungs. Previous investigations have established that the pulmonary vascular bed in this type of patient will respond to an acute increase in cardiac output by a rise in pressure (1, (13) (14) (15) (16) (17) (18) . The lack of pressure rise encountered in the present series and, indeed, the fall in pulmonary artery pressure obtained in the three patients (No. 1171, 1184, and 1352) who were acidotic before the infusion of the alkalinizing agents suggests that the decrease in blood hydrogen ion concentration had produced an increase in the capacity of the pulmonary vascular bed. This impression is strengthened by the observation that Tris-infusion was accompanied by an increase in pulmonary blood volume.
There have been numerous reports both in animals and in normal man that the inspiration of a gas mixture sufficiently low in oxygen to produce a reduction in arterial oxyhemoglobin saturation to the levels encountered in this series will be associated with an increase in cardiac output and pulmonary artery pressures. Fewer studies of the effect of inhalation of hypoxic mixtures in patients with chronic pulmonary disease have been published. Evidently, however, augmentation of pressures does occur, particularly if blood flow increases (19) (20) (21) . A previous report from this laboratory on the effects of acute hypoxia on the circulation included five patients with pulmonary lesions similar to those in this series, who sustained a fall in arterial oxyhemoglobin saturation below 85% (20) . In these subjects there was an average increase in pulmonary artery mean pressure of 8 mm Hg, associated with average increases in cardiac output of 16% and in arterial blood pH of only 0.03 U (22) . In all but one patient receiving Tris in the present report the oxygen saturation of the arterial blood fell a comparable degree and to similar levels, yet pulmonary artery pressures did not rise despite an average increase of 337c in blood flow; however, the average rise in pH was 0.09 U. Apparently, a considerable fall in hydrogen ion concentration will prevent the pressor effect of hypoxia in this type of patient.
The mechanism of production of the observed fall in arterial oxygen saturation during Tris infusion deserves comment. Primary responsibility for this phenomenon resides in the diminished minute ventilation that occurred (23) (24) (25) (26) . Also, the rise in blood pH probably caused an increase in perfusion of the poorly ventilated portions of the lung, those hypoxic vascular segments most amenable to vasodilatation according to the hypothesis of Liljestrand (7), with consequent lowering of arterial oxygen tension. This possibility is bolstered by the fall in arterial oxyhemoglobin saturation which occurred during the infusion of Tris in Case 1441 (Table VI) , since ventilation was virtually unchanged. The opening of anatomic pulmonary arteriovenous shunts has been excluded as playing a significant role in this process.
These observations on the effect of Tris in patients with pulmonary disease are at variance with those of Bergofsky, Lehr, and Fishman, who were unable to modify the pressor effect of hypoxia in normal man by the prior administration of Tris, although the fall in arterial oxyhemoglobin saturation and the actual levels of pH obtained were the same as were found in this study (27) . The administration of Tris before the imposition of the hypoxic stimulus resulted in a smaller change in pH (average + 0.04 U) once hypoxia was induced than was encountered in the present series. There are insufficient data available to state whether a greater change in pH is needed to modify the effects of this stimulus in normal man, or whether such an effect can be demonstrated in the normal human pulmonary vascular system. Possibly, the response to an altered pH will only be detectable in the presence of chronic pulmonary disease.
Hypercapnia has been variably reported to cause either a rise in pulmonary artery pressures or no significant change in animals or in normal man. A slight rise in pulmonary artery pressures has been found in ten patients with pulmonary emphysema who sustained an average increase of 7 mm Hg in Paco2 while breathing 3 or 5% carbon dioxide (28) . This rise was ascribed to a concomitant rise in cardiac output that averaged 15%. The patients in the present series who received sodium bicarbonate had an average rise in cardiac output of 32% and an average rise in PacO2 of 9 mm Hg, despite which pulmonary artery pressure either fell or remained unchanged. The differences between these two groups of patients were in the change in blood pH and in ventilation. In those who inspired high carbon dioxide mixtures there was an average fall of 0.06 pH U (29) , whereas in those receiving sodium bicarbonate there was an average rise of 0.09 p1l-U. The minute ventilation rose markedly in those breathing carbon dioxide and remained unchanged in those receiving bicarbonate. These data suggest that carbon dioxide per se is not responsible for changes in pulmonary artery pressure, but that the accompanying acidosis is. This concept is supported by the experiments of Bergofsky and associates, who showed in animals that acidosis produced by carbon dioxide inhalation in the absence of hyperventilation will produce a rise in pulmonary artery pressure (27) .
Acidosis has been demonstrated to elicit a rise in pulmonary artery pressure during the infusion of acetic, hydrochloric, and lactic acids in animals (27, 30) . As yet unpublished observations by the authors have shown that the infusion of 0.3 MI hydrochloric acid evokes a pressure rise in the pulmonary artery in man. Such a response is illustrated in Figure 4 in a patient who had previously experienced a fall in pressure during the infusion of Tris.
The influence of hypertonic solutions must also be considered in evaluating these pressure responses. A rise in pulmonary artery pressures has been produced in dogs by a variety of hypertonic solutions (31) (32) (33) (34) (35) (36) (37) . Since Maxwell and associates also reported that hypertonic sodium bicarbonate produced a fall in pulmonary arterial resistance in association with a rise in arterial pH (38) , it seems likely that failure of the pulmonary artery pressures to increase in the present study must be ascribed to the alkalizing effect of the solutions infused, rather than to their hypertonicity.
The demonstration that an acute change in hydrogen ion concentration could affect the pulmonary vasculature and modify the response to hypoxia in these patients prompted investigation of the sustained effects of these parameters in the control of pulmonary artery pressures in patients with similar types of chronic pulmonary diseases. Data which had been obtained in the steady state, at rest, and before any form of experimental manipulation were selected from 43 patients. Twelve of these subjects appear in the present paper; of the remaining 31, each of whom had chronic bronchitis and emphysema, 13 are front the publication of Chidsey and associates (39) , 7 from the work of Fishman, Fritts, and Courinanid mean pressure as shown in Figure 6 . A high degree of correlation was also found between arterial oxyhemoglobin saturation and pulmonary artery mean pressure, r = 0.798. This relationship is shown in Figure 7 , where unsaturation (100 minus saturation) rather than saturation of the arterial blood is plotted for convenience. There was also a significant correlation between oxyhemoglobin saturation and hydrogen ion concentration, r= 0.521, p <0.001. The coefficient of the multiple correlation between pulmonary artery mean pressure, hydrogen ion concentration, and arterial oxyhemoglobin unsaturation was found to be 0.830, a value significantly different (0.01 < p < 0.05) from the coefficient of correlation between arterial oxyhemoglobin unsaturation and pulmonary artery mean pressure alone. Implicit in the derivation of this multiple correlation coefficient is that pulmonary artery mean pressure and oxyhemoglobin unsaturation of the arterial blood are related by a family of parallel isopleths of hydrogen ion concentration.
With these parallel isopleths we could not predict pressure variations in a changing state of hypoxemia or of hydrogen ion concentration. This difficulty was overcome by assuming that the slope of the regression of pressure on one of the two independent variables changes at a constant rate with variations in the other. On this premise, Gomez has developed the following equation to express the relation among the three variables in a more complete manner: P = K + aH + bS +wHS, [1] where P = pulmonary artery mean pressure in Figure 9 . The correlation coefficient (0.867, p < 0.001) is significantly greater, p < 0.01, than that of the simple multiple correlation.
To test the general applicability of this formulation, pulmonary artery mean pressure was calculated from the data of 49 similar patients whose values were not used in the original estimation of the coefficients of Equation 1. The regression observed on calculated pressure in these cases is also included in Figure 9 . The standard deviation of the data about the regression is unchanged. The incorporation of these data in the determination of the coefficients would have had little effect on the value of the latter, and therefore a prediction of pressure based on Equation 1 may be made with the same degree of confidence as in the original population.
The changing state provides an additional test of the validity of this analysis if one can predict the magnitude and direction of a change in pulmonary artery pressure from the magnitude of change in both arterial oxyhemoglobin unsaturation and hydrogen ion concentration. The ob-served change in pulmonary artery mean pressure after the infusion of sodium bicarbonate or of Tris is plotted in Figure 10 against the change calculated for each patient by Equation 1 . Also included are the data from the seven patients of Fishman and associates (20, 22) , who inspired low oxygen mixtures. The latter were added to test the validity of this analysis in changing states associated with an increased pulmonary artery pressure. Except for one patient changes in pressure can be predicted reasonably accurately, although absolute levels of pressure in the changing state may not be so accurately gauged. Individual variations in structural and functional characteristics of the pulmonary vascular bed of the type of patient under consideration are probably responsible for the magnitude of standard deviation found in the calculation of pressure ( Figure  9 ) as well as the lack of precision in predicting actual levels of pressure after a change in state. Attempts to predict pulmonary artery mean pressure in normal subjects or in patients with pulmonary disease whose arterial oxyhemoglobin saturation lies above 93%c have been unsuccessful; this may be due to the lesser reactivity of the pulmonary vascular bed in normal subjects or in patients without significant hypoxia.
This analysis indicates that, in the type of patient under consideration, pulmonary artery mean pressure is related to arterial oxyhemoglobin unsaturation, an index of pulmonary hypoxia, and blood hydrogen ion concentration in a more complex fashion than a merely additive one. One can speculate that hydrogen ion concentration and hypoxia are interacting stimuli, one either facilitating or inhibiting the effect of the other at the level of vascular smooth muscle. production of intracellular lactic acid. The site of action remains unknown; it may be directly on the muscle cell or mediated by local receptors. Recent demonstrations that alveolar gas may diffuse through the walls of pulmonary precapillary vessels (40) (41) (42) emphasize the accessibility of these vessels to conditions in the surrounding pulmonary tissue. In patients where ventilation and perfusion are unevenly distributed, with consequent wide variations in the vascular environment, attention must henceforth be focused on the local blood and gas phases with which the vessel wall is in intimate contact in considering vasomotor reactivity. Summary The effects of alkalizing solutions on pulmonary hemodynamics were studied in 16 patients with chronic pulmonary disease.
In these patients the rise in blood pH was associated with a fall or with no change in pulmonary artery pressures despite increases in pulmonary blood flow and volume. Furthermore, in the presence of a rising blood pH, severe hypoxia was not associated with a pressor response in the pulmonary artery. These observations suggest that a decrease in hydrogen ion concentration is associated with pulmonary vasodilatation.
The relationship among pulmonary artery mean pressure, arterial oxygen saturation, and hydrogen ion concentration was submitted to statistical analysis in 43 patients with chronic pulmonary disease.
Pulmonary artery mean pressure correlated with both oxygen saturation and hydrogen ion concentration to a significantly higher degree than with either of the two latter variables considered singly. At low concentrations of hydrogen ion (high pH), pulmonary artery mean pressure is relatively insensitive to hypoxia as manifested by arterial oxygen saturation, whereas at high hydrogen ion concentrations (low pH) pressure is extremely sensitive to hypoxia. The mechanism whereby hydrogen ion concentration influences the pressor response to hypoxia is not clearly defined at present.
Derivation of Equation 1
A. Analytic. Equation 1 was developed analytically for consideration of a system of one dependent and two independent variables. y f (XZ) or P =f (H,S),
[a] where P = pulmonary artery mean pressure, H = hydrogen ion concentration, and S = arterial oxyhemoglobin unsaturation.
It has been assumed that the second member of this equation is expansible in a power series so that P = K + aH + bS + cH2+ dS2+ w HS....
[b] Examination of the graphic relationship between the dependent and each of the independent variables considered singly (Figures 6 and 7) , and between the independent variables revealed a linear relationship with a highly significant correlation in each case. For this reason it was considered justified, as a first approximation, to neglect all terms in the series expansion with exponents greater than one. [e] P = (K + bS) + (a+ wS)H. These equations map the relation of P to S or P to H. In Equation d, H is considered as a fixed parameter, and Figure 8 shows that the slope of the regression of P on S depends linearly on H. An analogous situation obtains when S is the fixed parameter as in Equation e.
B. Statistical. The use of Equation 1 is also justified on statistical grounds for representing joint functional surfaces (43) . The simplest expression of the relationship betwen a dependent and two independent variables is given by the multiple regression equation P=K+aH+bS, [f] which implies a series of parallel isopleths of hydrogen ion concentration in the relation between pressure and saturation. This equation gives a representation of the relationship between P, 5, and H which is significantly better, 0.01 < p <0.05, than that given by the simple linear regression between P and S.
If it is assumed that P varies linearly with S, and that the slope of the regression of P on S changes at a constant rate with changes in H, the joint functional relation is expressed by P=K+bS+wSH.
[g]
If we expand the series further by assuming that P varies linearly with both S and H, and that the slope of the regression of P on each independent factor changes at a constant rate with changes in the other independent variable, the relationship is described by P=K+aH+bS+wSH,
[h] which is the same as Equation c of the analytic derivation. Both Equations g and h express the relationship between P, S, and H in a significantly better manner, p < 0.01, than Equation f. The indexes of correlation for Equations g and h are 0.860 and 0.867, respectively, and their difference is sufficiently small to indicate that better regression surfaces capable of giving a further conspicuous reduction of the variance do not seem likely.
